X-ray photoemission spectroscopy (XPS) is used to determine and compare the valence-band offsets (AE, ) for CdS grown by chemical bath deposition on singlecrystal and thin-film CulnSe2 (CIS). The thin-film CIS device was suitable for photovoltaic energy production. By sputtering through the CdS/CIS interface and reducing the depth profile with target factor analysis, the magnitude of AEv was determined to be AEV = 1.06 k 0.15 eV for both the single-crystal and thin-film interfaces. This determination of AEv is about 0.25 eV larger than many previously reported estimations CdS grown by physical vapor deposition on CIS and helps explain the record performance of CdS/CIS photovoltaic devices.
INTRODUCTION
Solar-cell devices made from the CdS/CulnSe2 (CdS/CIS) heterojunctions are promising candidates for thin-film photovoltaic (PV) energy production [I] . The current record efficiency for CIS-based solar-cell devices exceeds 17% [2] . Despite progress in the efficiency of CdS/CIS-based solar-cell devices, a complete understanding of the electronic structure of the CdS/CIS interface remains elusive, In this manuscript, we attempt to resolve the controversy involving the magnitude of the valence-band offset (AEv) and conduction-band offset (AEc) between CdS and CIS in thin-film devices [3-61.
The difference in the optical bandgaps of CdS and CIS tnust be shared by AEv and AEc. For efficient PV performance, A E v must be large (approaching Eg[CdS]-Eg[CIS] = 1.38 eV) and AEc must be small. In fact, early indirect photoemission measurements gave AEv = 1.4 eV in support of efficient PV performance [3] .
Subsequent direct photoemission measurements yielded AEv = 0.8k0.1 eV [6] . Our own photoemission measurements have shown the AEv = 0.8 f 0.1 eV for CdS on both single-crystal CulnSe2 and thin-film CIS [7] . The 833 U.S. Government work not protected by U.S. copyright inconsistency between the photoemission-measured AEv and the required AEv for effective solar-cell performance has led to other models for the CdS/CIS interface [4, 5] .
A fundamental difference between the idealized photoemission experiments and the real world of CdS/CIS devices is the method of producing the CdS layer: whereas record-setting CIS devices employ a CdS layer made by chemical bath deposition (CBD), photoemission measurements have been made on CdS grown in vacuum by physical vapor deposition (PVD). The purpose of these experiments is to bridge the gap between measured valence-band offsets and record device performance by measuring the band alignment for CBD CdS deposited on CIS. To this end, we have deposited CBD CdS onto both single-crystal and thin-film CIS and then performed XPS depth-profiles to determine AEv.
EXPERIMENT
CdS layers 50 nm thick were grown by CBD onto two substrates: one single-crystal CIS (SC-CIS) and one thinfilm CIS (TF-CIS) several microns thick suitable for a highefficiency photovoltaic device. The details of the thin-film CIS growth and CBD processes are described elsewhere [8, 9] . We then sputtered through the CdS/CIS interface while monitoring core levels and valence bands with X-ray photoemission spectroscopy (XPS). The XPS system was a Physical Electronics 5600 XPS equipped with a monochromated AI Ka source operating at 350 W and hemispherical analyzer operated at 12 eV pass energy and 800 pm spot size.
We used 3 kV Ar+ ions at -30" from normal incidence to sputter through the interface while rotating the sample and rastering the ion beam over a 4x4 mm area. We determined the average sputter rate by measuring the sputter crater depths with a profilometer to be 1.8 nm/min.
Aside from <I at.% 0 in the CdS thin-film, we did not observe any residual contaminants from the CBD growth process at the CdS/CIS interface. All atomic concentrations were determined using standard sensitivity factors from Ref. IO. All spectra were aligned to the Fermi level of a metallic In sample.
After obtaining depth profiles from the CdS/SC-CIS and CdS/TF-CIS interfaces, we reduced the depth-profile spectra with target factor analysis (TFA) and determined the AEv from the reconstructed data [ll] . TFA is a matrixbased algorithm that is becoming a standard datareduction technique in the analysis of depth profiles. Ref.
11 presents a thorough discussion of TFA.
RESULTS

A N D DISCUSSION
Preferential sputtering was not apparent through the CdS overlayer. The atomic concentrations of sputtered thin-film and single crystal CdS were Cd = 51 & 2 at.% and S = 49 f 2 at.%. We did not observe any evidence for metallic Cd from high-resolution core line spectra or Fermilevel spectra. 
Depth (nm)
Preferential sputtering was a problem for the CIS substrate. Fig. 1 shows the atomic concentrations of SC-CIS cleaved in an N2 ambient, inserted immediately into the analysis chamber, and then sputtered at 3 kV. The 0 signal was < 1 at.% and the C signal was imperceptible. The average atomic concentrations of the bulk were Cu = 25 at.%, In = 25 at.%, and Se = 50 at.% as determined by electron microprobe analysis. The crystal appeared to cleave along an imperfection and leave a surface that did not have the same atomic concentrations as the average. Sputtering further decreased the Se content of the CIS surface region and left behind metallic In and Cu.
The metallic behavior of the cations was visible in the In 3d spectrum shown in Fig. 2 
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Binding Energy (EF = 0 eV) Fig. 4 shows these two factors for the CdSISC-CIS interface after target rotation: obviously, they correspond to the CdS overlayer spectrum and the CIS substrate spectrum. The conclusion is that every spectrum of the depth profile i s a linear superposition of the spectrum of the CdS overlayer and the ion-damaged CIS substrate.
In Fig. 4 , one can see embedded Cd in the CIS substrate, metallic In, and Fermi-level emission (not visible in the spectra as plotted) from the metallic cations.
The amount of Cd in the CIS film is difficult to determine because the intensity is weak, but is less than 1 at.%. To within experimental error, the valence-band emission after sputtering with Ar+ was not significantly different from the the SC-CIS factor shown in Fig. 4 . The fact that we need only two factors to describe the depth profile despite the problems brought about by preferential sputtering is somewhat perplexing. One would expect a priori to need three factors: one for the CdS, one for the CIS before sputtering created significant damage, and one for the heavily damaged CIS at the end of the depth profile. Our conclusion is that the shape of the CIS valence-band emission is relatively insensitive to the level of sputterinduced damage. Further support for this conclusion comes from reducing the valence-band emission of the depth profile on the cleaved single-crystal (atomic concentrations shown in Fig. 1) . We first measured a spectrum from a metallic In sample, and used it to subtract the metallic In signal from the cleaved, sputtered SC-CIS spectra. We then reduced the remaining emission with TFA, and found that one factor accounted for the signal, to within experimental error.
We used reconstructed data from the factors in Fig. 4 and the loading factors to determine AEv for the system as a function of sputter depth. To determine the VBM, we linearly extrapolated the leading edge of the valence-band signal. We also determined the accuracy by taking the largest and smallest acceptable extrapolations consistent with the data. Fig. 4 is a plot of AEv and the loading factors.
The data points and the smooth curve in The results from the CdS/TF-CIS interface are essentially identical in all respects, except we measure AEv = 1.11 eV. Fig. 6 shows the results. To within experimental error, this measured AEv is that same as for the SC-CIS substrate. We conclude that AEV for CBD CdS on both thin-film and single-crystal CIS is AEv = 1.06 f 0.15 eV.
In an earlier set of experiments, we deposited CdS by PVD at room temperature on both SC-CIS and TF-CIS while monitoring the valence-band emission with synchrotron radiation photoemission. For these systems, we found AEv = 0.8 k 0.1 eV in agreement with other measurements [6,7]. Although the error bars on the CBD and PVD results prohibit absolute confirmation of a larger AEv for CBD devices, the data for the CBD CdS were reproducible and consistently showed a larger AEv.
A possible explanation for the difference is the presence of interface contaminants. Except for a small 0 signal (I 1 at. %), we did not see any contamination. Another possible explanation is that CBD and PVD CdS are chemically different. However, we carefully analyzed the atomic compositions, high-resolution photolines, and Auger parameters of CBD, PVD, and single-crystal CdS without uncovering any fundamental differencesour present thesis for the difference in AEV is that the CdS/CIS interface chemistry is different between CBD and PVD CdS, but ion-beam damage obscures the chemistry of the interface and renders our data insufficient to prove this thesis. 
